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ABSTRACT. The general behavior of dimethyl-, diethyl-, di-n- 
propyl-; and diisopropylnitrosamine was investigated at the 
dropping mercury electrode and the data obtained are discussed 
in a conventional polarographic manner. Diffusion-controlled 
waves were obtained in well-buffered media and in 20^ ethyl 
alcohol solutions of either mineral or organic acids. 

Yields of approximately 75^ of 1,1-diraethylhydrazine were 
obtained by the large-scale electrolysis of dimethylnitros- 
araine at a mercury cathode in an organic acid solution of 4 
to 5 pH- In 5^ sulfuric acid solution, diraethylamine, ammonia, 
nitrous oxide, and nitrogen were established as reduction prod- 
ucts, along with 50^ yields of 1,1-dimethylhydrazine. Differ- 
ent mechanisms are proposed and discussed for the reduction of 
the alkylnitrosamines in acid, neutral, and alkaline solutions. 
Data indicate that the course of the reduction is complex and 
depends upon pH. 
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FOREWORD 

This report discusses the polarographic behavior, large-scale 
electrolysis, and the reduction mechanism of some alkylnltrosamines 
in acid, neutral, and alkaline solutions. 

Since alkylhydrazines are of continuing interest in liquid pro- 
pellant applications, it was believed desirable to make this study 
of the optimum conditions for preparing these compounds by the 
electro-chemical reduction of the alkylnltrosamines. 
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INl'RODUCTION 

Previous work by English and Heath and Jarvis has shown that dimethyl- 
nitrosamine can be determined polarographicaily (Ref. 1 and 2). Recently, 
data have been reported by Martin and Tashdjian on tne polarographic 
reduction of some N-nitrosamines (Ref. 3)« However, very little data 
were given by these investigators on the polarographic behavior of alkyl- 
nitrosanines in mineral or organic acids. They were unsuccessful in 
determining n-values directly and they did not isolate any products by 
large-scale electrolysis to help establish the true reduction mechanism. 
Probably the most thorough investigation of both the polarography and 
large-scale reduction of N-nitrosaaines was made by Lund (Ref. k)  at about 
the same time work of this nature was being carried out in the laborato- 
ries of the U. S. Naval Ordnance Test Station. In general, where these 
research studies overlapped, good agreement of data was obtained. 

In this report, additional information is presented on the polaro- 
graphic behavior, large-scale electrolysis, and the reduction mechanism 
of some alKylnitrosamines. The course of the reduction is discussed in 
acid, neutral, and alkaline solutions and the optimum conditions for the 
preparation of the l,i-disubstituted hydrazines are given. 

EXPERIMENTAL 

The N-uitrosaraines used in this work were prepared by a nitrosation 
procedure similar to that described by Hatt (Ref. !?). The dimethyl- 
nitrosamine was purified by distillation at atmospheric pressure through 
an l8-inch Vigreaux column. The diethyl- and di-n-propylnitrosamine were 
purified by vacuum distillation through the same column. The diisopropyl- 
and diphenylnitrosamine were purified by recrystallization from 95^ ethyl 
alcohol. The physical properties were as follows: dimetlwinitrosamine. 
b.p. Ik6-lh'fc  at 70U mm; diethylnitrosaraine, b.p. 121-122°C at ihO ram; 
di-n-propylnitrosaraine, b.p. 80-820C at 2 ram; diisopropylnitrosaraine, 
m.p. h^-h60C;  and diphenylnitrosamine, in.p. 67-67.5 C. 
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Polarographiy 

Polarograms were obtained with a Sargent Model XXI recording polar- 
ograph. Most solutions used in these studies had cell resistances of 
less than 600 ohms. Values of pH of the alcoholic and aqueous solutions 
were obtained with a Beckman Model G pH meter.. Two capillaries were 
used in this work.. The constants were 1.6 mg^/^sec"!/* for capillary 1 
and l.k mg^sec"1/2 for capillary 2 (Table l). The capillary constants 
were determined in a Mcllvaine's 2.U-pH buffer solution at -1.10 volts 
(vs. saturated calomel electrode, S.C.E.). Dissolved oxygen was removed 
from the solutions with nitrogen Just prior to the polarographic exami- 
nation. Small pyrex beakers (JO ml) were used as polarographic cells 
and all polarograms were obtained at 30oC. Half-wave potentials were 
referred to S.C.E. unless stated otherwise. When the mercury pool was 
used as a reference electrode, it was recognized that the data may not 
have exact significance; however, the data are reported for a relative 
comparison only. Diffusion currents were determined by the method of 
intersecting lines and Triton X-100 or gelatin were used as maximum 
suppressors. 

Buffers of Britton and Robinson, Clark and Lubs, and Mcllvaine were 
used during the investigations (Ref. 6 and 7). The Mcllvaine's buffer 
was prepared five times normal strength. A stock solution of the 
N-nitrosamine was prepared in this buffer solution and diluted to a final 
concentration with the same buffer for polarographic study. Potassium 
chloride was added to the final polarographic solution where needed as 
an ionic strength agent. The salt of the respective acid was added to 
the final polarographic solution in the work with the mineral and organic 
acids (Table 2). When the buffers of Britton and Robinson or Clark and 
Lubs were used, the electrolysis solutions were prepared by adding 
aliquots of a stock N-nitrosaraine solution to a lO-ml volumetric flask, 
adding 0.1 ml of 0.1^ fresh gelatin solution and diluting to the mark 
with the aqueous buffer and ethyl alcohol. The solvents and reagents 
used in all studies were analytical grade. 

TABLE 1. Half-Wave Potentials and Diffusion-Current 
Constants for 1.00 mM Solutions of 

Some Alkylnitrosaminesa 

Alkylnitrosamine Ei/2  (vs- S-C-E-), 
V 

id/Cm2/5t1/6 

(CHj^N-NO13 

(C2H5)2N-N0C 

n-(C5HT)2N-N0c 

[(CH5)2CHJ2N-N0C 

-O.955 
-O.918 
-O.87I 

-O.959 

8.6 
10.0 
8.6 
5.2 

Mcllvaine's buffer of 2.k pH, 
Capillary 1. 
Capillary 2. 
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TABLE 2. Half-Wave Potentials of Some Nitrosamines 
in Acid Mediaa'b 

Compound 
Cone., 

raM. 

£^2 (vs- H8 Pool)» v 

HC1 ¥04 HC2H502 

(CH^N-NO 
(C2H5)2N-N0 
n-(C5H7)2N-NO 
■(CH5)2CH]2N-N0 

(C6H5)2N-N0 

3-27 
2.49 
2.38 
2.40 

1.56 

-1.00 
-O.92 
-O.97 
-O.94 

-0.66 

-1.25 
-1.17 
-1.17 
-1.20 

-O.85 

-1.46 
-1.42 

-I.39 
-1.47 

-1.08 

a 20^ ethanol, O.55 N in acid, and O.35 M in 
NaCl. Ife^SOi^ or NaC2H502. 

°  Capillary 1. 

Large-Scale Electrolysis 

The large-scale electrolysis work was carried out in a divided cell 
of about 800-ral capacity. Three hundred ml of the supporting electrolyte 
were added to each compartment of the cell. About 25 ml of redistilled 
mercury were used as the cathode and a rotating-platinura electrode served 
as the anode. Five grams of the N-nitrosamine were added to the solution 
in the cathode compartment of the cell.  Dry nitrogen was flushed 
through the catholyte for 10 minutes preceding the electrolysis and 
allowed to flow over the solution during the electrolysis. The potential 
applied to the cathode was controlled during the electrolysis with a 
potentiostat similar in design to that of Lingane and Jones (Ref. 8). 
Cathode potentials between -O.7O and -1.20 volts (vs. S.C.E.) were 
employed during this work (chosen as optimum from polarographic studies). 
Uniform stirring of the solution was maintained during the electrolysis 
by Genco variable-speed stirrers. The pH of the catholyte was maintained 
fairly constant by periodic additions of either acid or base during the 
electrolysis. The reduction of the nitrosamine was followed polaro- 
graphically or spectrophotometrically, and the run was stopped when the 
concentration of nitrosamine remaining in solution was negligible. The 
catholyte was removed from the electrolysis cell and diluted to volume 
in a 500-ml volumetric flask. Aliquots of this solution were analyzed 
for the 1,1-dialkylhydrazine by a direct titration procedurel with 10?" 
in the presence of HgCl^; percent yields of the 1,1-dialkylhydrazines 

Unpublished work of H. W. Kruse, one of the co-authors of this 
report. 
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are based on this titration. Ten ml of confentrated sulfurlc acid were 
added to the remaining catholyte and the solution was evaporated to near 
dryness (2^-50 ml) in a 1-liter round-bottom flask. Sodium hydroxide 
was added to the flask so that the final solution was about 50^ sodium 
hydroxide. The free bases were then distilled under vacuum and collected 
in cells for identification by infrared analysis. Gaseous products pro- 
duced during the electrolysis were collected In evacuated gas sample 
bottles and submitted to a mass spectrometer analysis. 

Recovery and identification of 1,1-dimethylhydrazine from the acid 
solution at the end of the electrolysis was made in the following manner: 
The catholyte from the reduction of dimethylnitrosamine in H2SOI1 solution 
was evaporated with a rotary evaporator to about 100 ml in a round-bottom 
flask. Sodium hydroxide was added to the solution until the final mix- 
ture was approximately 50^ in sodium hydroxide. Nitrogen was passed over 
the solution during the addition of the sodium hydroxide. The gases 
formed during the reaction were then passed into a solution of absolute 
ethanol saturated with dry HC1. The ethanol-HCL solution was filtered 
and the filtrate upon evaporation yielded a salt. The salt was placed 
in a ceparatory funnel, covered with about 50 nl of diethyl ether, and a 
saturated solution of sodium hydroxide was then added. The basic mate- 
rial liberated in thir, manner was retained by the ether. The sodium 
hydroxide solution was washed several times with ether and the ether 
extracts were combined and dried with anhydrous magnesium sulfate. The 
ether solution was then added to a saturated solution of oxalic acid in 
ether. A precipitate formed, which was then filtered, washed with ether, 
and twice recrystallized from absolute ethanol. This dried material had 
a melting range of lh^.6-lk6.J)0C  and was identified as 1,1-dimethyl- 
hydrazine oxalate from a mixed melting point with an authentic sample. 

RESULTS AND DISCUSSION 

The half-wave potentials and diffusion-current constants of some 
alkylnitrosamines in acid solution are given in Table 1. The buffer 
capacity of the solution was sufficient to permit reduction of up to a 
U.O-mM dimethylnitrosamine solution. One well-defined wave with no maxi- 
mum was obtained in all cases. The EjM values were obtained by plotting 
E^e vs. log i/i^-i. The E^g values were corrected for iR drop through 
a cell wiiose resistance was 550 ohms. The dimethylnitrosamine appeared 
to be the most difficult to reduce of the alkynitrosamines investigated, 
while the n-propyl compound was the easiest. Diphenylnitrosamine was not 
investigated in this solution but was found to reduce easier than the 
alkylnitrosamines in both mineral and organic acid solutions (Table 2). 
Thus, the presence of a phenyl group lowers the half-wave potential as 
one would expect from the structure of the N-nltrosamines. 
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Effect of pH and Concentration on Half-Wave Potentials 

The effect of pH on the half-wave potential of dlmethylnltrosamine 
ID shown in Table 3- The half-wave potential varies linearly with an 
increase in pH throughout the range from O.O to 3.6. The slope of the 
El/2 V8* P^ P^ot in ^^ PH interval was O.136 volts per pH unit. It 
should be noted that poorly defined waves occur In the range from 3'6 to 
6.0 pH and that the EjM values become more negative and the slope of 
plots of pH vs. EW2 cnanges rapidly in the Clark's and Lubs' buffer 
system. With Britton's and Robinson's buffers, well-defined waves are 
found below a pH of 5-0; but in the range from 5-0 to 6.0 pH, poorly 
defined waves occur. Thus, poorly defined waves were found with each 
buffer system in the neutral or slightly acidic solutions. For quanti- 
tative analysis data the range below 2.0 pH is recommended. In general, 
the half-wave potentials of the alkylnitrosamines in acid solutions 
greatly depend upon pH while those in alkaline solution are independent 
of pH. 

TABLE 3. Solution of 5.52 mM Dlmethylnltrosamine 
In Clark and Lubs' Buffer Systema'° 

Apparent El/2 (vs- ^ Pool), id; Wave 
pH v Ma definition 

0.8 -0.9k kk.k Well 
2.0 -1.05 kk.k Well 
3.0 -1.20 55-8 Fairly well 
3-6 -I.52 55.6 Poorly 
1+.0 -1.6U 50.6 Poorly 
5.0 .... .... Poorly 
6.0 .... .... Poorly 
8.0 -I.71 19.1 Well 

20^ ethyl alcohol, 80^ buffer (2 X's). 
Capillary 1. 

The half-wave potentials of dimethylnitrosamlne solutions varied 
slightly with concentrations above 2-mM dimethylnitrosamlne. However, 
in the range from 0.2 to 1.0 rnM of dimethylnitrosamine the \/2  values 
were constant (Table h).    With diethylnitrosamine solutions from 1.0 to 
2.0 mM the EjM values varied in a linear manner. 
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TABLE k.    Effect of Concentration of the Half-Wave 
Potential and Diffusion Current Constant 

of Dinjethylnltro8aininea»b'c 

Cone., mM id, ua E1/2 (vs. S.C.E.),  v 

0.2 
O.k 
0.6 
0.8 
1.0 

2.56 
5.02 
7.92 

10.6 
15.^ 

-O.952 
-O.952 
-O.95I 
-O.952 
-0.955 

No maximum suppressor or ethyl alcohol 
present. 

b Capillary 2. 
: Mcllvaine's buffer of 2.h pH. 

Effect of pH and Concentration on Diffusion Current 

The diffusion currents (i^) appeared to be constant in strong acid 
solutions, where well-defined waves were observed. In weakly acidic and 
neutral solutions the waves were so poorly defined that accurate measure- 
ments could not be made. However, from Table 3 it would appear that i^ 
becomes less as the pH is increased from 2.0 to 8.0. The wave height at 
8.0 pH is about one-half that found at 2.0 pH. At values above 8.0 pH, 
the diffusion current is fairly independent of pH. In general, the wave 
heights in alkaline solutions are about one-half those in acid solutions. 
These data would seem to indicate that the electrode reaction in alkaline 
solution requires fewer electrons and is a different process from that 
which occurs in acid solution. 

It can be seen from Table h  that in an aqueous solution at 2.h pH 
the diffusion current of diraethylnitrosaraine is substantially linear 
over the concentration range from 0.2 to 1.0 mM (i^ = KC). Solutions 
above 2-mM diethylnitrosamine appeared to vary slightly in a negative 
direction from linearity. 

Effect of Mercury Height on Diffusion Current 

In acid or alkaline buffered solutions, the limiting current of a 
solution of dimethylnitrosamine varies with the square root of the 
corrected mercury lieight, indicating a diffusion-controlled process. 
Two waves were observed for a 1.0-mM solution of dimethylnitrosamine in 
a 50^ ethyl alcohol solution of tetramethylaramonium chloride. The total 
diffusion current here was also found to vary as the square root of the 
height of the mercury (i^/h1/2 is constant). Thus, the polarographic 
waves obtained for the alkylnitrosamines in acid, alkaline, and neutral 
solutions appear to be diffusion-controlled. 
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Wave Fora 

The polarographic waves of the alkylnitrosamines are rather drawn 
out, as one usually finds with Irreversible reductions. Dlphenylnltros- 
araine solutions exhibited waves more nearly like those obtained with 
reversible processes. However, alkyl- and arylnitrosamine apparently 
reduce by irreversible processes. The wave form is very dependent upon 
pH, solvent, maximun suppressor, buffer components, and capillary drop 
time. Either one or two waves may be obtained. The waves in acid solu- 
tion are larger and have a linear dependence upon pH, while in neutral 
and alkaline solution they appear to be smaller and independent of pH. 
It was observed that the wave form of a 50^ ethyl alcohol solution of 
dimethylnitrosamine at constant ionic strength was particularly sensitive 
to very small changes in H+ concentration (Table 5)- From these data it 
would appear that the two waves observed are cuised by the reduction in 
solution of two forms of the same molecule. Thus, the first wave is 
probably due to the reduction of a protonated specie while the second 
wave is probably due to the reduction of the free nitrosamine. It would 
also appear from the data (Table 5) that, in this acid solution at 
values < 2.50 pH, only the protonated specie exists. Diphenylnitrooamine 
solutions also exhibited the same behavior but the range in which only 
the protonated specie appeared to exist was < 5.20 pH. Two waves were 
obtained for the other alkylnitrosamines under identical conditions. In 
general, two waves were sometimes obtained in acidic and neutral solu- 
tions but only one wave was ever observed in alkaline solutions. Only 
the free nitrosamine specie undergoes reduction in alkaline solution. 
The E]/2 value for the second wave (Table 5) also is very close to the 
^l/2 value reported in Table 5 at 8.0 pH and would suggest that both 
these waves are due to the reduction of the free nitrosamine. 

TABLE 5- Effect of H+ Concentration on Waves of 
5.50 mM N-Diraethylnitrosaraine 

The elec :troiyte was 0.5 M KCl^O- i EtOH with 0.002^ Triton X-100. 

pH 
El/2 (vs. Hg pool), v v ^ 
1st wave 2nd wave 1st Wave 2nd Vave Total 

3.30a -1.1** -1.61+ 7.75 9.10 16.85 
5.20 -1.15 -1.65 9.60 7.00 I6.6O 
5.10 -1.15 -1.66 11.80 k.ho 16.20 
2.90 -I.16 -1.68 15.90 1.55 17.25 
2.80 -1.17 .... 18.10 
2.70 -1.19 .... • • • ■ 26.60 
2.50 -I.19 .... • • • • 55.70 
i.6ob -I.07 —   — 55-80 

5 drops of 0.1N HC1 added to 10 ml of above solutions. 
1 drop of concentrated HC1 added to 2.50-pH solution. 
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Large-Scale Electrolysis 

Large-scale reductions of the alkylnitrosamines were made in several 
different solutions. Table 6 presents data for dimethylnitrosamine. 
Various conditions of pH, temperature, and catholyte were used. It can 
be seen from these data that the optimum condition for preparing the 
l,l-di8ubstituted hydrazine appears to be in an acetic acid-sodium 
acetate buffer solution of 5-0 pH at 250C. About 75^ yields of the 
1,1-dimethylhydrazine were obtained in this manner. At values < 1.0 pH 
the yields of the alkylhydrazine were lower. For best yields of 
1,1-dimethylhydrazlne, the temperature of the catholyte should be main- 
tained between 20-300C and the pK of the solution should be controlled 
within the range from 1 to 5- In HgSOi^-NagSO^ solution (l.O pH) approxi- 
mately 50^ yields of the 1,1-disubstituted hydrazines were obtained with 
di-n-propyl-, diisopropyl-, and diethylnitrosamine solutions. Thus, 
both mineral and organic acid solutions will give good yields of the 
1,1-dialkylhydrazines. Table 6 also gives some data for reduction in 
alkaline solution. These data show that very little or none of the 
1,1-disubstituted hydrazine i.. obtained in these soiutlcns. Substantial 
amounts of the disubstituted amine and ammonia were found in these 
experiments. 

TABLE 6. Electrochemical Reduction of N-Dimethylnitrosamine 

Catholyte 

- 

pH 
Temperature, 

0C 
DMH,a 

# yield 
Additional 

products found 

^SO^-HgSO^ > 1.0 2^-50 71.3 (CH5)2NH 

H2S0^(5N) < 1.0 25-30 53-0 
(CH3)2NH, NH3, 

N^O, N2 

^SO^-HgSO^ > 1.0 ^5-50 60.2 (CH5)2NH, NHj 

NagSO^-HgSO^ l-12b 
25-35 55.3 (CH^NH 

NaOAc-HoAc k.Q 20-50 78.0 (CH5)2NH,  NH5 

NaOAc-HoAc 5-0 -2.CM-6.0 7^.5 (CH^NH 

NaOAc 11.5 25-30 k.o (CH5)2NH,  NH5 

Yield of 1,1-dimethylhydrazine based on titration with 
lO-z'  in presence of HgCl2. 

pH was not controlled during this run. 

The solution from the reduction of dimethylnitrosamine in 3N H2S0br 

(Table 6) was treated in the manner given in the experimental section. 
An infrared analysis of the gas showed that no formaldehyde, methylamine, 
methylhydrazine, or tetramethyltetrazene were present. However, ammonia, 
1,1-dime'Chylhydrazine, and 1,1-dimethylamine were identified as present 

8 
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in substantial amounts. Nitrogen and nitrous oxide were also identified 
as present from a mass spectrometer analysis. A chemical test made on a 
portion of the catholyte immediately after the electrolysia was com- 
pleted, indicated no hydroxylamine was present (Ref. 9)- Analysis of a 
3N H2SO4 solution of dlmethylnitrosamine indicated ro loss of starting 
material occurred during the time of electrolysis by chemical 
decomposition of the nitrosamine in the strong acid. 

Reduction Mechaninm 

When the diffusion coefficient of D = 8.5 x 10-^ cm2 sec"1 (Ref. 5) 
was used and the validity cf the Ilkovic equation was assumed, a value 
of n was calculated from polarographic data in acid solution (Mcllvaine's 
buffer, 2.h pH) for dlmethylnitrosamine. This value of U.72 was similar 
to that reported by Martin and Tashdjian (Ref. 5), «ho obtained values 
of n in this manner that varied from 3-7 to 5-3 in acid solution. These 
data would seem to indicate a 4 or 5 electron process was occurring. 
Therefore, a direct measurement of the n-vaiue was made by a millicoulo- 
metric method (Ref. 10) in the 2.Ji-pH buffer solution. The average of 
five determinations by this method was found to be k.96 with an estimated 
standard deviation of + 0.10. The n-value of 5 suggested that the 
reduction mechanism in acid solution at the dropping mercury electrode 
may be a complex process. This assumption was indeed borne out by the 
results of the large-scale electrolysis experiments. Thus, it appears 
that the following electrode reactions may occur: 

R NNO + he'  + kn    -» R2NNH2 + HO (l) 

R^NNO + 6e" + 6H+ -• FUIH + NH7 + HO (2) 

2RjmO  + 6e~ + 6H+ -^2R0NH ^ N0 ^ 2Ho0 (3) 

2RoNN0 + he'  + h\\    ->2R2NH + N20 + H20 (U) 

Since 1,1-dimethylhydrazine, diraethylamine, ammonia, nitrous oxide, 
and nitrogen were identified as products from the reduction of dlmethyl- 
nitrosamine in 3N HpSO^, it seems likely that reactions 1-4 all occur in 
varying amounts at the mercury cathode during the electrolysis. However, 
the predominate reactions are apparently 1 and 2. As the pH is increased, 
reaction 1 is favored and as seen from Table 6 the best yields of 
1,1-dinethylhydrazine are obtained in the range from 4 to 5 pH. As the 
pH is increased beyond 5 to the alkaline range, then reactions 2 and h 
are favored and very little of reaction 1 occurs. In strong alkaline 
solution it appears that reactions 1 and 3 are not favored. 

In general, the course and degree of reduction of the alkylnitros- 
amines at a mercury cathode are dependent upon the pH of the electrolyte 
and are different in acid, neutral, and alkaline solutions. 
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